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Abstract 
Thermochemical hydrogen production process is one of the candidates of industrial fossil fuel free hydrogen 
production. Japan Atomic Energy Agency (JAEA) has been conducting R&D of the thermochemical water splitting 
iodine-sulfur (IS) process since the end of 1980s. This paper presents the recent study on the IS process in JAEA. In 
2005-2009, test-fabrication of components, collection of design database, improvement of process components for 
higher thermal efficiency, and proposition of composition measurement method were carried out. On the basis of 
them, the integrity test of process components is carried out in 2010-2014 to examine their integrities in severe 
process environments. At present, a Bunsen reactor, which produces acids, and incidental equipments has been 
already manufactured using corrosion resistant materials such as glass lining steel and fluoroplastic lining steel. Flow 
tests to examine the functionality and integrity of the materials are planned in 2012. 
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1. Introduction 
At present, industrial hydrogen is produced mainly by steam reforming of fossil fuels. The energy for 
the reforming is supplied from fossil fuel combustion. Recently, price of fossil fuel is unstable. And 
depletion of them is a problem in the long run considering increasing demand in developing countries. 
Therefore, ways of fossil fuel free are desirable in future hydrogen production. One of such ways is water 
 
* Corresponding author. Tel.: +81-29-267-1919 (Extension 3793); fax: +81-29-266-7486. 
E-mail address:kasahara.seiji@jaea.go.jp 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Canadian Hydrogen and 
Fuel Cell Association Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Shinji Kubo et al. /  Energy Procedia  29 ( 2012 )  308 – 317 309
splitting by using nuclear or renewable energy because fossil fuel is not consumed from feed stock 
material and energy. 
As for water splitting processes, while alkaline electrolysis is already industrialized, other ways are 
also proposed for future hydrogen production. Thermochemical water splitting, one of such ways, is a 
combination of reactions to decompose water into H2 and O2 in the whole process. The iodine-sulfur (IS) 
process is one of the most intensively studied processes. This process is comprised of these reactions; 
 
HI2SOHOH2ISO 42222 o        (1) 
22242 O5.0SOOHSOH o        (2) 
22 IHHI2 o          (3) 
 
Fig. 1 is a simplified schematic of the IS process. In the Bunsen section, H2SO4 and HI are produced in 
the Bunsen reaction (eq. (1)). H2SO4 phase mainly containing H2SO4 and H2O and HIx phase mainly 
containing HI, H2O and I2 are simultaneously separated with excess I2 in the reactant solution. These 
phase solutions are purified before sent to other sections. The purified H2SO4 solution is first concentrated 
in the H2SO4 concentration part; the concentrated solution is vaporized then decomposed into H2O, SO2 
and O2 thermally (eq. (2)) with heat of about 900oC in the H2SO4 decomposition part. HI vapor is 
separated from the purified HIx solution in the HI concentration part. Combination of electro-
electrodialysis (EED) and conventional distillation is selected in Japan Atomic Energy Agency (JAEA) 
from several proposed separation methods. The distilled HI vapour is decomposed thermally as in eq. (3) 
with heat of 450-500oC in the HI decomposition part. H2 is obtained as the main product of the IS process. 
The IS process has an advantage among other thermochemical processes; small number of reaction and 
element, liquid/gas handling all through the process, and abundant data and know-how from a long time 
R&D history. The IS process has been studied since 1970s in many institutes of many countries as Japan, 
Korea, China and so on. Other countries such as U.S. and France had studied this process and much more 
institutes took part in studies of specific components [1]. 
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Fig. 1. IS (iodine-sulfur) process 
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R&D of the IS process at JAEA started around the end of 1980s. Since then, JAEA has made the R&D 
in steps. Construction and operation of a test apparatus of total process was the final objective of each step. 
When operation of the test apparatus succeeded, the R&D progressed to the next step for the larger scale 
test. The first step was the laboratory-scale test until 1998. The closed-cycle continuous operation was 
attained for the first time producing H2 of 1 NL/h for 48 hours [2]. The second step was the bench-scale 
test in 1999-2004. Demonstration of one-week continuous H2 production of 30 NL/h was made [3]. The 
third and present step is the R&D of process engineering scheduled in 2005-2014. In this study, the 
present R&D of the IS process in JAEA is summarized. 
 
2. Recent R&D status of the IS process in JAEA 
Fig. 2 summarizes the R&D schedule of the process engineering, the third step. This step is divided 
into two sub-steps. The first sub-step was in 2005-2009. Components made of industrial materials were 
developed. And design data were collected of material compatibility, reaction and phase equilibrium, and 
catalyst. Thermal efficiency improvement was also carried out by improvement and optimization of 
specific components, for example membrane for HI concentration. The second sub-step is now under way 
on the basis of the results of the first sub-step. This sub-step is scheduled in 2010-2014. The integrity test 
of the IS process components is the main study. This test is the evaluation of the integrity of the key 
components in the IS process environment (corrosion, heat cycle, etc). Thermal efficiency improvement 
also continues.  
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Fig. 2. R&D schedule of the process engineering step in JAEA 
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By the bench-scale test, components of test apparatus were mainly made of glass. Components of 
industrial materials are needed in industrialized IS plant because glass material is not proper for scale-up. 
Environment of the IS process is very severe: high temperature, high pressure and high corrosive 
chemicals. Therefore special components were test-fabricated to resist such environment. 
Sulfuric acid vaporizes in a sulfuric acid decomposer using high temperature heat of helium gas. 
Metals or glass lining are not applicable for the decomposer because the environment of co-existing 
liquid/gas phases is highly corrosive in particular. Silicon carbide (SiC) ceramic heat exchanger was 
proposed and a mock-up model of the decomposer was test-fabricated [4]. Fig. 3 shows the structure of 
the decomposer and the mock-up model. The black column in the figure is the heat exchanger. The height 
of the exchanger is 1.5 meter. Holes are through the exchanger as the flow route of helium and sulfuric 
acid. Sealing is made of gold. And tie rods and springs are applied for the connection to a pressure vessel 
to absorb thermal expansion. Thermal stress of the heat exchanger was analyzed using heat transfer 
simulation [5]. Evaluated maximum stress (126 MPa) was about half of average tensile strength of SiC 
material (249 MPa). 
A pump for sulfuric acid transportation was test-fabricated [6] because there was no pump to transport 
high temperature, high pressure sulfuric acid. Fig. 4 illustrates the structure of the pump. Water-cooling is 
applied for sealant protection. Corrosion-resistant SiC ceramic is applied for the parts contacting sulfuric 
acid directly. Pressure-resistant metal casing is used for the high pressure use. Test operation of the pump 
was carried out using a test loop. Over 90% of volumetric efficiency (the ratio of measured flow rate and 
designed flow rate) was resulted for water and 100oC sulfuric acid. Satisfactory transportation property of 
the pump in the actual operation condition, high temperature and high concentration sulfuric acid, is 
expected by the innovation. 
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Fig. 3. Sulfuric acid decomposer 
Oil line for piston drive
Check valve
䐟Water-cooling for
sealant protection
䐠 Corrosion-resistant
ceramics (SiC)
䐡 Pressure-resistant   
metal casing  
Fig. 4. Sulfuric acid transfer pump  
312   Shinji Kubo et al. /  Energy Procedia  29 ( 2012 )  308 – 317 
2.1.2. Design database 
Data of material compatibility, reaction and phase equilibrium, and catalyst property were collected for 
design of IS components. 
Sulfuric acid concentration is one of the severest environments for materials. Concentration range is 
50-90 wt% and temperature range is 200-400oC. Glass lining is considered as one of the candidate 
materials for sulfuric acid concentration components. Corrosion resistance and thermal resistance of the 
material were tested. Immersion test of a soda-lime glass in sulfuric acid was carried out in an autoclave 
[7]. Concentration and temperature range were decided as those of sulfuric acid section. Fig. 5 displays 
the corrosion rate. 0.1 mm/y is considered as the upper limit of allowance. Though some tests showed 
high corrosion rate in short time immersion, good corrosion resistance around 0.1 mm/y was resulted after 
60-90 hours. Alkali ion removal from surface was assumed as the reason of the initial weight decrease 
and high corrosion rate in the short time immersion. Thermal resistance test of the glass lining pipe shown 
in Fig. 6 was also carried out [7]. Two tests of different thermal cycle were performed. In heat cycle test, 
temperature was cycled between room temperature and 600 K at the rate of 100 K/h. No defect was 
detected by penetrant inspection in 20 cycles. In heat load destructive test, low temperature was room 
temperature and high temperature increased from 600 K by 25 K in each cycle. Temperature change rate 
was also 100 K/h. Defect was first found at 775 K. These tests showed the glass lining material has 
enough corrosion and thermal resistance for sulfuric acid concentration environment. 
Equilibrium data for Bunsen section and hydrogen iodide section was not enough for component and 
 
Fig. 5. Corrosion rate of glass lining in sulfuric acid
 
Fig. 6. Glass lining pipe for thermal resistance test 
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process design due to technical difficulties of measurement. For the data of reaction and phase 
equilibrium of Bunsen solution, Bunsen reaction experiments were carried out to investigate the effect of 
SO2 pressure and temperature on HI concentration in the HIx phase [8, 9]. Bunsen reaction condition was 
in the range of 323-363 K and 0.01-0.599 MPa. In the case of high SO2 pressure and high temperature, HI 
molar ratio ([HI]/([HI]+[H2O])) was higher. The highest molar ratio was 18.4s0.8mol%. Vapor-liquid 
equilibrium (VLE) data of HI-H2O and HI-H2O-I2 mixtures were measured [10]. The range of the 
measurement of HI-H2O mixture was 0.11-0.58 MPa, 375-456 K, and HI mole fraction range of 0-0.157. 
VLE data in over-azeotrope range was obtained where few data was known. For the measurement of HI-
H2O-I2 mixture, the temperature was 396-408 K at atmospheric pressure. HI concentration in the liquid 
was close to azeotrope and molar ration of HI to I2 was from 1:0 to 1:4. 
 
2.1.3. Thermal efficiency improvement 
R&D for higher hydrogen production thermal efficiency was also carried out. Development of 
membrane technique was one of such studies. HI should be separated from HIx solution made in the 
Bunsen reaction. However, separation of pure HI is impossible by simple distillation of the solution 
because of pseudo-azeotropy of the mixture. To get over the pseudo-azeotropy, concentration of HI with 
electro-electrodialysis (EED) was proposed in JAEA. Fig. 7 is the schematic of the EED cell. HIx 
solution is fed to two cell compartments and HI is concentrated by electrochemical reactions at electrodes 
and permeation of H+ through a cation exchange membrane. Property of the membrane is an important 
factor for higher thermal efficiency. Radiation-induced grafted polymer membranes were prepared and 
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Fig. 8. Radiation-induced graft polymerization and cross-link 
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tested. The concept is designated in Fig. 8. Ț-ray, X-ray or electron beam is irradiated to a polymer 
membrane, and radicals are made in the polymer chain. The chains are connected at the radicals each 
other. This connection is called cross-link. Another chemical is also used as cross-linker. And cation 
exchange polymers can be grafted from the radical. Stability test of radiation-induced grafted polymer 
membranes was carried out by long time EED operations around 160 hours [11]. Compared with the 
polystylene-grafted PTFE (polytetrafluoroethylene) membrane by electron beam, the increase of voltage 
was small in the grafted membrane using also divinylbenzene as chemical cross-linker. The increase of 
voltage with time of EED operation suggests degradation of the membrane. Degradation could be 
controlled by preparation method of membrane. Current efficiency and voltage in an EED cell operation 
of radiation-induced polymer membranes have also been studied [12]. Heat requirement of power 
generation for the EED cell operation was estimated to be reduced by maximum 32% compared with the 
case of Nafion membrane, a commonly used commercial membrane. 
2.1.4. Operation technique 
The most complicated operation in the IS process is that of the Bunsen reaction. On-line monitoring of 
the solution compositions is required to keep separation of sulfuric acid phase and HIx phase as shown in 
Fig. 9 and to avoid precipitation of solid I2 and side reactions. JAEA proposed an indirect on-line 
composition measuring method using gamma-ray and neutron density measurement. Empirical equations 
on the relationship between composition, temperature and density were made from measured data of 
simulated solution of H2SO4 phase and HIx phase [13]. A concept of the composition monitoring method 
was proposed [14]. This concept is shown in Fig. 10. Density can be measured in on-line and indirect way 
by using gamma-ray and neutron probes. Effect of chemical species on transmittance is different in 
gamma-ray and neutron from different sources. Therefore, composition of solution of 4 chemical species 
can be measured by using 2 or 3 kinds of probes. The on-line measurement method of Bunsen solutions 
Sulfuric acid phase
(XsaHI, XsaH2SO4, XsaI2, XsaH2O)
Boundary
HIx phase
(XhiHI, XhiH2SO4, XhiI2, XhiH2O)
 
Fig. 9. The appearance of the two-phase solution produced by the Bunsen reaction 
 
Fig. 10. Concept of on-line monitoring method of composition 
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composition was made in combination of these ideas. When the flow rates of the IS process solution are 
controlled using the composition information, long time stable and continuous operation can be expected. 
 
2.2. Studies in 2010-2014 
2.2.1. Integrity test 
The integrity test of IS process components has been carried out since 2010 on the basis of the R&D 
result of the first sub-step. The objective of the test is to examine the integrity of the key components in 
the prospective operating conditions. Main reactors of each section were selected as the key components; 
construction of them was relatively difficult considering complicated structure and severe operation 
environment. The components are made of industrial materials such as metal, ceramics and polymers. 
Process heat is supplied by electricity instead of by high temperature helium. Test scale of the 
components is equivalent to hydrogen production of 150 NL/h. The maximum designed pressure of the 
components is 0.95 MPa. Fig. 11 shows the plan of the integrity test. Construction and test period of the 
Bunsen section is scheduled in 2010-2012. A Bunsen reactor and a liquid-liquid separator were 
constructed. The environment is HIx/H2SO4 mixture solution at about 100oC. For sulfuric acid section, 
construction and test period is planned as 2011-2013. A sulfuric acid decomposer and a SO3 decomposer 
were fabricated as the highest temperature component. The environment is 90wt% H2SO4 solution and 
vapor of H2SO4, SO3, SO2, O2 etc. Temperature is 300-850oC. Construction and test period of hydrogen 
iodide section is scheduled in 2012-2014. A HI decomposer is designed for construction. The 
environment is vapor and liquid of HI-H2O-I2 mixture. Design temperature is 200-500oC. 
The left figure in Fig. 12 shows a simplified flow sheet of the Bunsen section apparatus. HIx solution 
circulates through the tubular reactor and the heat exchanger. SO2 gas and H2O are introduced into the 
reactor and Bunsen reaction takes place. Reaction heat is removed from the heat exchanger. Some part of 
Hydrogen iodide section:
Period 2012-2014
HI decomposer (gas-phase)䠖
HI-I2-H2O (V,L), 200-500oC
Bunsen section:
Period 2010-2012
Bunsen reactor (gas-liquid) and 
liquid-liquid separator䠖
HIx/H2SO4 mixture soln.,100oC
Sulfuric acid section:
Period 2011-2013
H2SO4 decomposer and SO3
decomposer (gas-phase)䠖
90wt% H2SO4 (L) H2SO4, SO3, 
O2 etc.(V), 300-850oC
Sulfuric acid 
condenser
H2SO4
concentrator
Liquid-liquid 
separator
H2 separator
H2 0.5O2H2O
SO3 decomposer
(SO3→ SO2 + 
0.5O2) 
Sulfuric acid 
decomposer
䠄H2SO4→ SO3
+ H2O)
HIx
solution
H2SO4 
solution
HI distillation 
column
HI decomposer
(2HI → H2 + I2)
H2SO4
purifier
HIx 
purifier
Concentrator 
(EED)
HI H2O
H2SO4
SO3SO2, O2H2, I2 I2
Dil. HIx
solution
Dil. HIx
solution
Bunsen reactor
(I2 + SO2 + H2O → 
2HI + H2SO4)
 
Fig. 11. Integrity test of IS process components 
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the solution overflows from the vessel to the liquid-liquid separator. The solution is still standing in the 
separator and two phases are separated. Major specifications of the component [15] were as below; 
designed maximum temperature was 150oC; designed maximum pressure was 0.95 MPa; Scale is 
corresponding to hydrogen production of 150 NL/h. The Bunsen reaction vessel, the liquid-liquid phase 
separator, and the tubular reactor were made of Teflon lining steel. The heat exchanger was made of glass 
lining steel. As of June 2012, construction of the apparatus of Bunsen section with incidental equipments 
was completed as shown in the right figure in Fig. 12. This apparatus has been set in a draft chamber in 
the JAEA site. Flow tests to examine the functionality and integrity of the corrosion-resistant lining 
materials are planned in 2012. Performances of chemical reaction will be tested. Long-term service of the 
reactor is planned to demonstrate the durability of the lining function after that. 
As of June 2012, a sulfuric acid decomposer was fabricated for sulfuric acid section. SiC ceramic and 
glass lining steels were used as construction materials. System setup of the apparatus at the same site of 
the Bunsen section is planned in 2012. For hydrogen iodide section, a HI decomposer is designed. A Ni-
alloy is applied for the decomposer. 
2.2.2. Thermal efficiency improvement 
Improvement of components for higher thermal efficiency is carried out in parallel with the integrity 
test. The objective is process data acquisition aiming at achieving hydrogen production thermal efficiency 
of 40%. A certain estimation of the efficiency was 34.3% with standard operation parameters [16]. 
Therefore further improvement is required. For example, effect of temperature on properties of radiation-
grafted polymer membranes in the EED cell was investigated [17]. And effect of impurity sulfur 
components on the membrane properties will be studied. 
 
3.  Summary 
JAEA has carried out R&D of the IS process since the end of 1980s. Present status of the R&D is the 
process engineering step in 2005-2014. In the first sub-step in 2005-2009, these studies were made. 
x Test fabrication of components; a sulfuric acid decomposer and a sulfuric acid transfer pump. 
x Collection of design data; corrosion and thermal resistance of glass lining materials, reaction and phase 
equilibrium of Bunsen reaction, phase equilibrium of HI-H2O and HIx mixtures. 
x Improvement of components for thermal efficiency improvement; preparation of a cation exchange 
membrane for EED. 
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Fig. 12. Bunsen section of the integrity test apparatus 
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x Proposal of process control method; on-line measurement of Bunsen solutions composition. 
In the latter sub-step in 2010-2014, the integrity test of IS process components is the main study. 
Construction of Bunsen section apparatus has been completed and test operations is planned in 2012. A 
sulfuric acid decomposer was fabricated and a HI decomposer is designed as of June 2012. Besides, 
component tests for higher thermal efficiency are under way. 
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